g Sputum acid-fast bacilli (AFB) smear microscopy has suboptimal sensitivity but remains the most commonly used laboratory test to diagnose pulmonary tuberculosis (TB). We prospectively evaluated the small membrane filtration (SMF) method that concentrates AFB in a smaller area to facilitate detection to improve the diagnostic performance of microscopy. We enrolled adults with suspicion of pulmonary TB from health facilities in southwestern Uganda. Clinical history, physical examination, and 3 sputum samples were obtained for direct fluorescent AFB smear, SMF, Xpert MTB/RIF, and MGIT culture media. Sensitivity and specificity were estimated for SMF, AFB smear, and Xpert MTB/RIF, using MGIT as the reference standard. 
D
irect acid-fast bacilli (AFB) smear microscopy of unconcentrated sputum has been the mainstay of tuberculosis (TB) diagnosis for more than a century, especially in resource-constrained settings, where more than 90% of the cases and TB-related deaths occur (1) . Direct AFB smear microscopy is inexpensive, is specific in high-TB-prevalence settings, and can rapidly identify the most infectious patients (i.e., sputum AFB positive) (2, 3) . However, sputum AFB has suboptimal sensitivity, particularly in populations with a low Mycobacterium tuberculosis bacillary load in sputum (i.e., paucibacillary TB), such as children, those with extrapulmonary TB, and persons with HIV infection (4) . Overall, the diagnostic sensitivity of the direct sputum AFB smear ranges between 30% and 75%, often leading to delayed diagnosis, continued transmission, and poor outcomes (5, 6) .
Several methods have been evaluated to increase the sensitivity of smear microscopy. These include the use of chemicals, such as sodium hydroxide (NaOH), N-acetyl-L-cysteine (NALC), or sodium hypochlorite (bleach), to liquefy and concentrate sputum (7) (8) (9) , use of light-emitting diodes to improve visualization (10, 11) , and physical measures, such as centrifugation or gravity sedimentation (12, 13) . A systematic review showed that sputum centrifugation plus a chemical (NALC or NaOH) can improve the yield of smear microscopy up to 39% (14) . However, centrifuges are expensive, require electricity, and are biosafety level 3, as they carry a potential risk of aerosolization, and some bacilli may be lost in the supernatant. In general, given the widespread use and operational benefits of smear microscopy, any technology that increases its yield would be of great value.
The small membrane filtration (SMF) is a novel method that concentrates bacilli from clinical samples by filtrating the sputum digests through a 25-mm-diameter polycarbonate membrane filter (15) . After filtration, the membrane is fixed to a glass slide that can be stained and examined for AFB with standard methods. In the initial proof-of-concept studies that used individual filters connected to a rudimentary, plastic-made vacuum manifold, SMF showed an absolute incremental yield of up to 40% compared to direct smear, but the filtration failure rate (5% to 20%) was unac-ceptably high (15, 16) . Based on these promising results, the method was modified to include an aluminum-made, multitest vacuum manifold designed for semiautomation and a new sample dilution protocol to prevent filtration failure. In a prospective evaluation in mostly hospitalized TB suspects with advanced HIV disease in Kampala, Uganda (17) , the semiautomated SMF method had a lower (48.5%) sensitivity than direct smear (60.9%), but questions were raised regarding the laboratory protocol used and the generalizability of the study population (18) . This study reports on a prospective diagnostic study stratified by HIV status evaluating the SMF method in comparison to the Xpert MTB/RIF and using culture as the reference in a large cohort of predominantly outpatient TB suspects in a high-HIV-and -TBburden setting.
MATERIALS AND METHODS

Participants.
We prospectively enrolled adults with suspicion of pulmonary TB at the Mbarara Regional Referral Hospital (MRRH) and the Mbarara Municipality Centre in Mbarara, Uganda. MRRH is a tertiary-care hospital with over 250 inpatient beds and serves as the main referral health facility for the southwestern region of Uganda. With an estimated TB incidence of 166 cases per 100,000 inhabitants, Uganda is on the WHO list of high-burden TB countries; the prevalence of HIV infection among TB patients is 48% (19) . Health personnel caring for patients referred potential participants to the study team. We included pulmonary TB suspects 18 years or older with cough for Ն2 weeks and at least one additional TB symptom (fever, weight loss, or night sweats). We excluded patients who had received Ͼ2 days of antituberculosis therapy within the last 60 days.
Clinical data. We collected clinical and demographic data using a structured data capture form and performed HIV testing in TB suspects with unknown status after obtaining consent. A CD4 cell count was obtained in those with a positive HIV test. A posteroanterior chest radiograph was performed in nonpregnant participants and interpreted by a radiologist experienced in TB.
Laboratory methods. All laboratory testing was done at the biosafety level 3 laboratory of Epicentre/Médecins sans Frontières Mbarara Research Centre in Mbarara, Uganda. The research laboratory has strict quality control and quality assurance methods in place and extensive experience in laboratory-based research. External quality assessment is provided on a yearly basis by the Institute of Tropical Medicine in Antwerp, Belgium, and the National Health Laboratory Services in South Africa. We obtained three sputum samples (Ն2 ml each), one from an early morning (EM) specimen and two from spot sampling performed 1 day apart.
Study design. All three samples were tested for direct fluorescent smear and mycobacterial growth indicator tube (MGIT) culture. EM samples were dedicated to SMF testing, while spot samples were randomized in a 1:1 ratio using a block size of 4, so that one sample was tested by SMF (S1) and one, by Xpert MTB/RIF (S2). Therefore, all three samples were tested on direct smear and culture, two by SMF, and one by Xpert MTB/RIF. Given the randomization, the primary comparison of samples was as follows: SMF versus direct smear used EM and S1 samples, SMF versus Xpert MTB/RIF used S1 and S2 samples, and direct smear versus Xpert MTB/RIF used S2 samples.
Sample handling and processing. Samples were collected at the Epicentre laboratory or at the participating health centers. After informed consent was obtained, study participants were instructed by a study nurse on how to provide an adequate sputum specimen, which included rinsing the mouth with water before expectorating the sample. The instructions were printed and handed to participants in the sputum collection room. Once obtained, the volume and appearance of the specimen was visually assessed by the nurse and then placed in an iced-filled container before transportation to the laboratory within 3 h. Upon arrival, samples were labeled as EM, spot 1, or spot 2. Samples for SMF analysis (EM and randomized spot) were then treated with an equal volume (50 mg/ml of sterile sodium citrate buffer) of N-acetyl-L-cysteine (NALC). In order to prevent filtration failure due to debris clogging the SMF membrane, the digest was then filtered through sterile gauze into a second tube, vortexed, and split in half by volume. One half was processed for standard direct fluorescent AFB smear microscopy and culture, and the other half was used for SMF testing. On the other spot specimen, a direct smear was performed before decontamination of the sample using NALC/sodium hydroxide (NaOH) solution and then processed for culture and molecular testing (Xpert MTB/RIF).
Standard laboratory methods. Specimens were suspended in 1.5 ml of buffer. Direct smear was done using the auramine technique, examined using an Olympus microscope equipped with the fluorescence system (LED system; BergmanLabora, Danderyd, Sweden), analyzed for AFB, and graded according to WHO criteria (20) . After standard processing, 0.5 ml of the specimen was incubated using the manual mycobacterial growth indicator tube (MGIT; Becton Dickinson, NJ, USA) system for up to 6 weeks. Contamination in MGIT media was ruled out using ZiehlNeelsen (ZN) microscopy and culture on blood agar. For all positive MGIT cultures, we differentiated between Mycoplasma tuberculosis and nontuberculous mycobacteria (NTM) using the SD TB Ag MPT64 rapid system (SD Bioline, Kyongi-do, South Korea), following the manufacturer's instructions. The GenoType mycobacterium CM/AS identification kit (Hain Lifescience, Nehren, Germany) was used for identification of NTM. The Xpert MTB/RIF assay (Cepheid, Sunnyvale, CA, USA) was performed according to the manufacturer's instructions.
SMF method. Prior to study initiation, two developers of the SMF test (K. P. Fennelly and S. Vinhas) trained study laboratory personnel on the SMF methods according to a standard operating procedure. Briefly, the SMF sample was mixed with 3% sodium hypochlorite (JIK brand; Reckitt Benckiser, Kampala, Uganda) in a 3:1 ratio and vortexed every 5 min for 15 min; 1 volume of Triton X-100-plus-ethanol (final concentration, 95% ethanol to 1% Triton X-100) (Triton X-100, Sigma-Aldrich, USA) was added. The digest was then prefiltered through a 30-m pore size filter for easy flow and collected into a conical tube that was then attached to a 6-place stainless steel vacuum manifold (Merck Millipore Corporation, Darmstadt, Germany) controlled at a pressure of 25 mm of mercury. The sample (median sample volume, 4 ml; range, 1 to 22 ml) was then filtered through a 0.8-m Isopore membrane filter (Merck Millipore Corporation, Darmstadt, Germany). Once the sample had been completely filtered, the containing trapped material was attached to a standard glass microscopy slide (Fisher Scientific), heat fixed at 80°C for 10 min, and stained and graded using the standard WHO microscopy grading (20) . All laboratory methods were quality controlled, and the personnel interpreting the SMF smears were blinded to the results of Xpert MTB/RIF and direct microscopy using separate registers concealed by coded numbers.
Statistical analysis. We report the results according to the Standards for Reporting of Diagnostic Accuracy (STARD) guidelines (21, 22) . The index test under evaluation for this study was SMF, which was compared to direct smear and to Xpert MTB/RIF using M. tuberculosis culture, using a composite of three culture results as a reference standard. Participants with any M. tuberculosis culture-positive result were used to estimate sensitivity, and those with all M. tuberculosis culture-negative results were used to estimate specificity. Comparisons were made using the generalized estimating equation (GEE) approach with an independent working correlation matrix to fit a logistic regression model using a generalized score test statistic (23) . A sandwich variance was used to account for correlation of test results within a single individual. Secondary comparisons of SMF versus Xpert MTB/RIF used McNemar's test, using data with complete definitive results for the two tests.
For estimation when a single outcome per study participant was used to estimate sensitivity or specificity, Wilson's score method was used to calculate 95% confidence intervals (CIs). When more than one outcome per study participant was used to estimate sensitivity and specificity, estimates were obtained from the logistic regression using the GEE method, and confidence intervals were calculated on the log scale and then exponentiated. Secondary comparisons using a combination of results based on (i) two SMF and two direct smears used the EM and S1 samples, (ii) two SMF used the EM and S1 samples, and (iii) three direct smear was performed using EM, S1, and S2 samples. When generating outcomes based on combination of results, any positive test resulted in a positive combination outcome. In the case of missing data, all available results were used, e.g., if only one SMF result was available, the worst of two SMF was based on that result. All testing and estimation were two sided at the 5% significance level and were not adjusted for multiple comparisons. The GENMOD and FREQ procedures using SAS 9.3 (Cary, NC) were used for all testing and estimation. A sample size estimate is provided in the supplemental material online.
Ethical approvals. The study was approved by the institutional review boards of Mbarara University of Science and Technology, the Uganda National Council for Science and Technology, the Comité de Protection des Personnes de St Germain en Layes, France, and, Boston University Medical Center, with oversight of statistical analysis by the Rutgers University Newark Institutional Review Board. We obtained written informed consent from participants in accordance with ethical guidelines from participating institutions.
RESULTS
From September 2012 to April 2014, we screened 2,019 potentially eligible individuals but excluded 972 of them, because they did not meet study criteria for suspected pulmonary TB (Fig. 1) . We enrolled 1,047 participants into the study, 737 into the HIV-infected cohort and 310 into the HIV-uninfected cohort. Of these, we excluded 24 (3.3%) HIV-infected and 7 (2.3%) HIV-uninfected subjects, because culture results were unavailable or because the HIV stratum was mismatched (1) . Therefore, this analysis includes 713 (97% of originally enrolled participants) HIV-infected and 303 (98% of originally enrolled participants) HIV-uninfected patients with available culture results ( Fig. 2 and 3) .
Study population. The demographic and clinical characteristics of study participants by HIV status are shown in Table 1 . HIV-infected patients were more likely to be younger (P Ͻ 0.001), female (P ϭ 0.02), unmarried (P Ͻ 0.001), and unemployed (P Ͻ 0.001) than those HIV uninfected. There were no differences in smoking, alcohol intake, and history of TB between the two HIV groups. In the 354 HIV-infected patients with CD4 results, the me- dian (interquartile range [IQR]) was 308 cells/ml (111 to 484 cells/ ml). In a per-patient analysis that included all available samples, 146 (20.5%) in the HIV-infected cohort were culture positive, 527 (73.9%) were culture negative, and 40 (5.6%) had contaminated cultures; the median (IQR) sputum volume was 4 ml (2 to 5 ml). In the HIV-uninfected cohort, 85 (28%) were culture positive, 212 (70%) were culture negative, and 6 (2%) had contaminated cultures; the median (IQR) sputum volume was 4 ml (3 to 5 ml).
Direct AFB results and effect of increasing number of samples. For the HIV-infected cohort, a single direct AFB (here referred to as AFB) had a sensitivity of 68.3% (95% CI, 61.4% to 74.5%); two AFB had a sensitivity of 75.4% (95% CI, 67.7% to 81.7%); and three had a sensitivity of 79.3% (95% CI, 72.0% to 85.1%). All pairwise comparisons of sensitivity were statistically significant (comparison of 1 versus 2, P Ͻ 0.001; comparison of 2 versus 3, P ϭ 0.026; and comparison of 1 versus 3, P Ͻ 0.001). The estimated specificity decreased with increasing number of samples from 99.2% (95% CI, 98.3% to 99.7%) to 99.0% (95% CI, 97.7% to 99.6%) and 98.7% (95% CI, 97.3% to 99.4%) for 1, 2, and 3 samples, respectively. While each increment did not result in a significant difference in specificity, increasing from 1 to 3 did result in a significant decrease (comparison of 1 versus 2, P ϭ 0.21; comparison of 2 versus 3, P ϭ 0.22; and comparison of 1 versus 3, P ϭ 0.001) ( Table 2) .
For the HIV-uninfected cohort, a single AFB test had a sensitivity of 80.5% (95% CI, 71.7% to 87.1%), two tests combined had a sensitivity of 85.2% (95% CI, 75.9% to 91.3%), and three had a sensitivity of 88.2% (95% CI, 79.7% to 93.5%). Each additional AFB improved the sensitivity estimate; increases from 1 to 2 AFB tests (P ϭ 0.018) and from 1 to 3 (P Ͻ 0.001) were statistically significant, whereas a comparison of 2 versus 3 AFB had borderline significance (P ϭ 0.075). AFB specificity was 98.3% (95% CI, 95.7% to 99.4%), 97.6% (95% CI, 94.5% to 99.0%), and 97.6% (95% CI, 94.6% to 99.0%) for 1, 2, and 3 AFB tests, respectively, and pairwise comparisons were as follows: 1 versus 2 (P ϭ 0.068), 2 versus 3 (P ϭ 0.025), and 1 versus 3 (P ϭ 0.088).
SMF test performance. For the HIV-infected cohort, a single SMF test had a sensitivity of 67.4% (95% CI, 59.9% to 74.1%), and two SMF combined had a sensitivity of 73.4% (95% CI, 65.6% to 80.0%), with the improvement being statistically significant (P ϭ 0.006). The estimated specificity decreased slightly from 99.3% (95% CI, 98.2% to 99.7%) for 1 sample to 99.0% (95% CI, 97.7% to 99.6%) for 2 samples (P ϭ 0.11). For the HIV-uninfected cohort, a single SMF test had sensitivity of 72.5% (95% CI, 62.1% to 80.9%), and two SMF combined had a sensitivity of 78.8% (95% CI, 68.6% to 86.3%), with the improvement being statistically significant (P Ͻ 0.001). The specificity of SMF decreased from 98.0% (95% CI, 95.4% to 99.1%) for 1 sample to 97.1% (95% CI, 93.8% to 98.7%) for 2 samples (P ϭ 0.057). Processing time was similar for SMF and direct microscopy (approximately 10 min each).
Xpert MTB/RIF performance. For the HIV-infected cohort, a single Xpert MTB/RIF test had estimated sensitivity of 91.0% (95% CI, 85.0% to 94.8%) and specificity of 96.9% (95% CI, 94.9% to 98.1%). For the HIV-uninfected cohort, a single Xpert MTB/RIF test had a sensitivity of 93.5% (95% CI, 85.7% to 97.2%) and a specificity of 96.4% (95% CI, 92.8% to 98.3%).
Comparison of SMF versus Xpert MTB/RIF. One spot sample tested by Xpert MTB/RIF performed better than SMF for sensitivity (P Ͻ 0.001), but SMF had significantly higher specificity (P ϭ 0.011) for the HIV-infected cohort. Likewise, for the HIV-uninfected cohort, one Xpert MTB/RIF performed better than SMF in terms of sensitivity (P Ͻ 0.001) but not specificity (P ϭ 0.24). Combining SMF results from the EM sample to a spot did not improve sensitivity of SMF to the level of Xpert MTB/RIF for HIV-infected or HIV-uninfected individuals.
Comparison of combination of two SMF versus combination of two AFB. Two SMF tests using an EM and one spot sample did not perform better than two direct AFB smears in terms of sensitivity (P ϭ 0.48 and P ϭ 0.09 for HIV-infected and -uninfected groups, respectively) or specificity (P ϭ 0.99 and P ϭ 0.56 for HIV-infected and -uninfected groups, respectively).
DISCUSSION
In this large cross-sectional diagnostic study, the SMF method did not improve the sensitivity of smear microscopy and, as expected, was inferior to Xpert MTB/RIF to diagnose culture-positive pulmonary TB in both HIV-infected and -uninfected patients. The results were similar when a single sample or two samples (one each of EM and spot) for SMF were compared to a single or two direct smears, respectively.
The SMF method is based on the principle that concentrating AFB over a smaller area can facilitate microscopic detection. In an initial study from Brazil of 313 HIV-uninfected individuals using Ogawa-Kudoh culture as the reference standard, the sensitivity of the SMF method on the first sputum specimen was 89%, compared to 60% for centrifuged and 56.1% for direct smears (15) . Among smear-negative TB patients, SMF had a sensitivity of 73%, similar to the 67% achieved by Xpert MTB/RIF in a recent metaanalysis (25) . The volumes of sputum used in that study were considerably larger (median, 6.8 ml) than those in this current study (4 ml). In a second Brazilian study that included 432 patients, the sensitivity of the SMF method in both HIV-infected and -uninfected participants (61.9% and 81.8%, respectively) was significantly higher than those of centrifuged sputum smears (47.6% and 63.6%, respectively) (16) .
Our findings from this study are consistent with the only other prospective evaluation that was performed in Kampala, Uganda (17) . In a study involving 212 mostly HIV-infected TB suspects, the sensitivity of the SMF method (48.5%) was significantly lower than that of direct (60.9%) or concentrated (63.3%) smear, using liquid and solid cultures as the standards of reference. SMF was particularly sensitive to sputum quality, with lower sensitivities noted in viscous and low-volume samples. However, the methods used in that study differed from the original two studies from Brazil, not only in using lower sputa volumes but also in using an unvalidated manifold apparatus (18) . In this study, we found a 67.4% sensitivity of a single SMF in the HIV-infected cohort, which, although better than the 48.5% reported on the first prospective evaluation (17) , still remains significantly lower than the 82% to 89% sensitivity found in the initial proof-of-concept studies (15, 16) . Quality and volume of sputum specimens are known to predict smear positivity, as shown by a recent study from Korea where sputum volumes Ͼ4 ml were more likely to yield positive results (26) . We hypothesized that the dilution protocol used in the Kampala study might have affected the SMF performance when distilled water was added to the samples to achieve a 5-ml volume. The median volume of sputum in the Kampala study was 3 ml (later divided into 3 aliquots), compared with 6.8-ml samples (divided in 2 aliquots) used in the initial study (15) . Further, the initial studies excluded patients who were unable to produce sputum and used solid Ogawa media as the standard of reference; taken together, these factors may explain the lower sensitivity against the reference standard of liquid culture. However, the much higher performance of direct AFB smears in this setting was unexpected.
An integral component of the SMF test is the vacuum manifold, which is connected to the membrane filters to facilitate sample concentration. The initial studies used a simple vacuum manifold that did not require electricity, whereas the Kampala study used a stainless aluminum manifold that was designed for semiautomation and to decrease filtration failures. Indeed, the secondgeneration manifold might have led to decreased flow and loss of sputum digest, which could explain the suboptimal performance reported. A potential pitfall in the SMF method is loss of activity of chlorine during storage in hot conditions or if unprotected from light (16) . It is possible that the sputum characteristics in the two Ugandan cohorts differed from those in the other studies in Brazil.
Importantly, direct AFB and Xpert MTB/RIF performed particularly well in our study, which is likely a reflection of using an experienced research laboratory with internal and external quality control methods and of sampling a study population with relatively advanced TB disease, as suggested by the AFB smear grade breakdown of study participants. In a systematic review evaluating 14 studies, direct smear had a sensitivity of up to 80% to detect culture proven pulmonary TB (14) . However, the performance of AFB smear microscopy is likely to decline in less-experienced laboratories. The diagnostic yield of Xpert MTB/RIF in this study is in agreement with several other studies that evaluated the performance and cost-effectiveness of Xpert MTB/RIF to diagnose pulmonary TB in high-burden settings (24, 27, 28) . Given its heightened sensitivity, diagnostic accuracy, and cost-saving and affordability potentials (29) , Xpert MTB/RIF could replace sputum AFB smear microscopy as the standard TB diagnostic method in certain settings, but its benefit may be limited without a concomitant improvement in linkage to care (30) . However, we found a measurably lower Xpert MTB/RIF specificity (96.4% to 96.9%) compared to a recent meta-analysis (99%) (25) . Recent studies have reported false-positive results of Xpert MTB/RIF in previously treated TB patients as a possible indication of dead M. tuberculosis DNA after antituberculous treatment (31) (32) (33) ; in this study, 12% of HIV-infected and 11% of HIV-uninfected patients had a history of TB treatment. Our study has limitations. We enrolled TB suspects from a large hospital outpatient clinic and a considerable number of hospitalized patients; thus, our results may not be applicable to smaller, more distant health care centers. The sputum samples for SMF testing underwent a homogenization step before AFB smear microscopy compared to the sample randomized for Xpert MTB/ RIF testing; however, the homogenization process did not affect the sensitivity of direct AFB smear across samples (data not shown), and the comparisons of AFB versus SMF and AFB versus Xpert MTB/RIF always used comparable samples. Also, we did not collect data on sputum characteristics to address whether the presence of liquid, bloody, or viscous specimens had any impact on the yield of SMF. Due to logistical constraints, a significant proportion of study participants did not have CD4 and chest radiograph results. Finally, we did not have data on quantitative cultures to evaluate the performance of SMF in paucibacillary specimens.
In conclusion, the SMF test did not improve the yield of sputum AFB smear in this setting. As expected, the Xpert MTB/RIF was highly sensitive and specific and may be considered an initial standard TB diagnostic tool in Uganda.
